A series of amino acid derivatives 8-10, 42 and 43 have been prepared as chromogenic enzyme substrates in order to detect aminopeptidase activity in clinically important Gramnegative and Gram-positive bacteria. Enzymatic hydrolysis liberates the amino acid moiety and either a 4-aminophenol or a 4-dialkylaminoaniline derivative which undergoes oxidative coupling with 1-naphthol or a substituted 1-naphthol giving an indophenol dye. Substrates and 1-naphthols were incorporated into an agar-based culture medium and this allowed growth of intensely coloured bacterial colonies based on hydrolysis by specific enzymes. Red/pink coloured colonies were produced by the substrates 8-10 and blue coloured colonies were formed by the substrates 42 and 43. The L-alanyl aminopeptidase substrates 8 targeted L-alanyl aminopeptidase activity and gave coloured colonies with a range of Gram-negative bacteria. Substrates 9 targeted β-alanyl aminopeptidase activity and generated coloured colonies with selected Gram-negative species including Pseudomonas aeruginosa. Three substrates for L-pyroglutamyl acid aminopeptidase (10a, 10c and 43) were hydrolysed by enterococci and Streptococcus pyogenes to generate coloured colonies. Two yeasts were also included in the study, but they did not produce coloured colonies with any of the substrates examined.
Introduction
The detection and identification of pernicious microorganisms is of tremendous importance in the health-care sector (e.g. hospitals) and other broad areas such as food quality control and environmental monitoring (e.g. water contamination). [1] [2] [3] One important protocol that has emerged for the detection and identification of microorganisms is the application of synthetic enzyme substrates; microbial enzymes transform either weakly coloured (or weakly fluorescent) substrates into strongly coloured (or highly fluorescent) products respectively. The ability of a microorganism to grow on a selective culture medium alongside the appearance of colour (or fluorescence) resulting from the activity of a specific enzyme (e.g. aminopeptidase, glycosidase, phosphatase etc) has great utility for establishing the presumptive identification of microbial species. 4 The identification of specific types of aminopeptidase activity in microorganisms has proved useful in diagnostic microbiology. Of particular relevance to this paper are L-alanyl, β-alanyl and pyroglutamyl (PYRase) aminopeptidase activities. Thus, there has been longstanding interest in the detection of L-alanine aminopeptidase activity, which has enabled differentiation between Gram-positive and Gram-negative microorganisms. 5, 6 This enzyme is ubiquitous in Gram-negative microorganisms whereas, in contrast, it is generally absent from most Gram-positive microorganisms. β-Alanyl aminopeptidase has been detected in Pseudomonas aeruginosa, a common respiratory pathogen in cystic fibrosis patients. 7 LPyroglutamyl aminopeptidase activity is useful for differentiation within the family Enterobacteriaceae 3, 8 and also for detection of enterococci 9 and Streptococcus pyogenes. 10 A diverse range of chromogenic aminopeptidase substrates have previously been described and some relevant examples (structures 1-5, AA = amino acid) are shown in Figure 1 . In these substrates, hydrolysis of the amide bond by an appropriate aminopeptidase enzyme liberates the corresponding coloured amine. L-Alanyl-p-nitroanilide 1 (AA = L-alanyl) liberates yellow p-nitroaniline in the presence of Gram-negative microorganisms. 3, 11 However, this substrate is not particularly suitable for use in agar media because of widespread diffusion of the p-nitroaniline. The phenoxazinone derivative 2 (AA = β-alanyl) has been evaluated for the detection of Pseudomonas aeruginosa in agar media and purple coloured colonies are produced. 7 N-Methyllepidinium 3 12 and N-methylacridinium 4 5 substrates bearing a range of pendent amino acids have been prepared and evaluated in agar media producing red or red-orange coloured colonies. Amino acid derivatives of weakly coloured amines can also be used to detect aminopeptidase activity when the liberated amine is reacted with a secondary reagent in order to produce a coloured product. Thus, derivatives of the acridine substrates 5 (AA = L-alanyl, β-alanyl) produce various shades of red-coloured colonies in agar media after the addition of acetic acid. 13 The function of the acetic acid is to protonate the acridine-nitrogen atom of the liberated amine because the free base is only weakly coloured. Amino acid derivatives of α-and β-naphthylamine can also be used to detect aminopeptidase activity when the liberated amine is reacted with a diazonium salt to produce a strongly coloured dye. 3, 8 Amino acid derivatives of 4-aminophenol and 4-dialkylaminoaniline and their analogues produce coloured indophenol products 7 when the liberated amine undergoes oxidative coupling with 1-naphthol in liquid media as illustrated in Scheme 1. 14 This protocol has been extended to include glycoside derivatives of 1-naphthol in a 'dual' substrate procedure for microorganism identification; both glycosidase and aminopeptidase activity must be present in order for indophenol production. 14 In this paper we describe the synthesis and application of the 4-aminophenol derivatives 8-10 and the 4-dialkylaminoaniline derivatives 42 and 43 as potential chromogenic substrates for use in agar media. Previous work on indophenol dye production has been confined to liquid media 14 and an extension into agar media was thought to be highly desirable. 
Synthesis of substrates 8-10
We envisaged that hydrolysis of substrates of general structures 8-10 (Scheme 2, Table 1) would liberate the corresponding 4-aminophenol derivatives 11 which would subsequently undergo oxidative coupling with 1-naphthol (or a suitable analogue) producing the indophenol dyes 12. Table 1 for structures of X and R substituents.
The synthesis of the required substrates 8-10 is shown in Scheme 3. Commercially available and inexpensive 3,4-dihydrocoumarin (13) was selected as the starting material because, after nitration, treatment of the nitro-compound 14 with either amines or alcohols would be expected to result in ring-opening of the lactone moiety enabling access to a range nitrophenol derivatives 15 (X = H) from a common precursor. Halogenation of compounds 15 (X = H) could give additional structural diversity yielding halogenated products 15 (X = halogen). Thus, nitration of compound 13 following a literature procedure gave the nitroderivative 14. When compound was heated with ethanol and amines respectively, the ester 15a (X = H) (69%) and the amides 15c-i (X = H) (59-84%) were formed. Bromination of the ester 15a with N-bromosuccinimide (NBS) in DMF solution gave compound 15b (X = Br) (83%). Reduction of nitro-derivatives 15 using lithium formate in the presence of a palladium catalyst afforded the corresponding amines 11 [with the exception of compound 15b which was reduced with tin(II) dichloride dihydrate in ethanol at reflux]. In the case of compound 15e, the O-benzyl group was also removed under these conditions giving the product 11f. A mixed anhydride coupling of the amines 11 to Boc-L-alanine and Boc-β-alanine gave the protected amino-acid derivatives 16 and 17 respectively and subsequent removal of the Bocgroups under acidic conditions yielded the required aminopeptidase substrates 8 and 9. The mixed anhydride coupling of amines 11 with L-pyroglutamic acid gave the substrates 10. 
Evaluation of substrates 8-10
The substrates 8-10 have been evaluated in Columbia agar medium against a range of clinically important microorganisms including 10 Gram-negative bacteria, 8 Gram-positive bacteria and 2 yeasts. 1-Naphthol was incorporated into the growth media in order to react with the amine 11 to produce the indophenol dyes 12 as previously noted in Scheme 2. Table 2 depicts the results of the evaluation of substrates 8a-c. Plates were incubated at 37 °C in air for 24 h. The growth of the microorganisms was compared to control plates in which no substrate or 1-naphthol was present. The Gram-negative microorganisms all grew well on the control plates whereas the Gram-positive microorganisms and the yeasts showed only moderate growth. This extent of microorganism growth is generally observed when the substrate and 1-naphthol are both present in the plates with the exception of the yeasts which showed very little growth, suggesting that the substrates are inhibiting yeast growth (there is some growth of the yeasts in the presence of 1-naphthol and the substrates 9a-c and 10a-c indicating that the substrates 8a-c, rather than 1-naphthol, are inhibitory). In the presence of 1-naphthol and substrates 8a and 8c, strongly red-coloured colonies were produced by most Gram-negative microorganisms as expected because these microorganisms generally exhibit L-alanyl aminopeptidase activity. Similarly, in the presence of 1-naphthol and the brominated substrate 8b strongly coloured colonies were formed by the Gram-negative microorganisms but these colonies were pink, rather than red. The colourations produced by substrates 8a-c are illustrated in Figure 2 . The substrates 8d and 8f-i also produced red colonies (data not shown) but the colours formed were significantly less intense than those colours produced from substrates 8a-c. There was some noticeable diffusion of colour around the microorganism colonies associated with the use of substrates 8a-c. In agar media, it is preferable to have the colour restricted to the colonies as this allows clear differentiation of species that demonstrate enzyme activity from those that do not. When the coloured product diffuses through agar, there can be some uncertainty about which colonies are actually showing enzyme activity if colonies of several species are in close proximity to each other. Such polymicrobial cultures are frequently recovered from pathological specimens. We have therefore investigated whether diffusion of colour may be restricted by replacing 1-naphthol with analogues of this compound. A series of 2-and 8-substituted-1-naphthols 18-24 were prepared for this purpose ( Figure 3 The 1-naphthol analogues 18-24 were all evaluated with substrate 8b and the results were compared to 1-naphthol (see Figure 4 for four illustrative plates). The range of microorganisms that produced coloured colonies with these additional naphthols was broadly similar to the range that produced coloured colonies with 1-naphthol. However, some diffusion of colour from the colonies into the surrounding agar was still apparent with these additional naphthol derivatives. Naphthols 20, 21, 23 and 24 produced red coloured colonies and the naphthol 18 gave orange coloured colonies. In contrast, the amides 19 and 22 bearing the basic pyridine and primary amine groups respectively, both afforded blue/purple coloured colonies.
<Table 2>
<Figure 4> Figure 4 . Colours produced from substrate 8b (concentration 300 mg L -1 ) and microorganisms in the presence of four 1-naphthol analogues (concentration 0.35 mM). Top left, compound 23; top right, compound 24; bottom left, compound 22; bottom right, compound 18. See Figure 2 for the arrangement of the microorganisms on the plates.
In view of the most intense coloured colonies being produced with the L-alanyl aminopeptidase substrates 8a-c, the preparation of β-alanyl aminopeptidase and PYRase substrates were therefore based on these three core structures. Table 3 shows the results obtained for the β-alanyl substrates 9a-c. Gram-negative microorganisms grew well on the media and the Gram-positive microorganisms and the yeasts generally exhibited moderate growth. Coloured colonies were not formed by any of the Gram-positive microorganisms or by the yeasts. Of the Gram-negative microorganisms, only Pseudomonas aeruginosa produced colonies with significant colouration; the colour produced with substrate 9b was particularly strong. There were some weakly coloured colonies produced by Serratia marcescens with substrates 9a and 9b. As noted in the introduction, Pseudomonas aeruginosa exhibits β-alanyl aminopeptidase activity and this microorganism is being effectively detected by substrate 9b although some diffusion of colour into the surrounding media was still apparent. Other than P. aeruginosa, a limited number of species have been reported to produce β-alanyl aminopeptidase including some strains of Burkholderia cepacia complex and Serratia marcescens. 5 The specificity of substrate 9b was therefore entirely consistent with previous reports. <Table 3> 
Synthesis and evaluation of additional L-alanyl substrates
In order to try and restrict the diffusion of the chromophore within the media, the higher molecular mass bis-L-alanyl substrates 31 have been prepared from compound 14 (Scheme 4). Thus, reaction of compound 14 with either para-phenylene diamine hydrochloride under basic conditions or with ethylene diamine gave the nitro-compounds 28. Reduction of compounds 28 afforded the corresponding amines 29 from which the Boc-protected amino acid derivatives 30 were synthesised using a mixed anhydride coupling procedure. Treatment Additionally, the substrate 37 which bears both an L-alanyl moiety and a naphthol fragment within the same molecule was prepared (Scheme 5). It was anticipated that this substrate would undergo intermolecular oxidative coupling after hydrolysis of the L-alanyl group. Thus, reaction of the nitrocoumarin 14 with Boc-ethylenediamine gave the Boc-protected amine 32 from which the Boc-group was removed by treatment with hydrogen chloride in ethyl acetate affording compound 33. Compound 33 was reacted under basic conditions with phenyl 1-hydroxy-2-naphthoate giving the nitro-derivative 34 which was then reduced yielding the amine 35. A mixed anhydride coupling of this amine with Boc-L-alanine furnished compound 36 which, on treatment with hydrogen chloride in ethyl acetate afforded the required substrate 37. Disappointingly, substrate 31a gave only very weakly, pink coloured colonies with some Gram-negative microorganisms (data not shown) in the presence of 1-naphthol. Neither substrate 31b (in the presence of 1-naphthol) nor substrate 37 (with no added 1-naphthol) produced any coloured colonies. This may be a consequence of the substrates being unable to penetrate into the bacterial cell. In support of this hypothesis, substrates 31b and 37 were added to a cell-free E. coli extract (containing 1-naphthol in the case of substrate 31b) and this resulted in the formation of pale orange solutions with both substrates, indicative of oxidative coupling and hence aminopeptidase activity ( Figure 5 ). We have therefore speculated that these larger substrates may not pass efficiently through the bacterial cell membrane(s). When sodium periodate was added to the mixture (in order to assist the oxidative coupling to 1-naphthol), a slightly more intense colouration was produced. Also shown in Figure 5 is substrate 8b which was selected as a comparator because this compound is known to give coloured colonies in agar media and hence was expected to produce a coloured solution with the cell-free extract in the absence of any additional oxidising agent. <Figure 5> In view of the successful colour formation from substrates 8a and 10, we turned our attention to the preparation and evaluation of the corresponding para-phenylenediamine-derived substrates 42 and 43 (Scheme 6). The substrates 42 and 43 were evaluated in a similar manner to that described to that described above for substrates 8-10 (Table 5 ). In the presence of the naphthol derivative 20, the L-alanyl substrate 42 produced intensely blue coloured colonies with the Gram-negative microorganisms as expected ( Figure 6 ). However, blue coloured colonies were also produced with a number of the Gram-positive microorganisms which could limit the application of this substrate for the differentiation of Gram-negative and Gram-positive microorganisms. As noted earlier, PYRase substrates are useful for the identification of S. pyogenes. Substrate 43 produced intensely blue coloured colonies with this microorganism in the presence of 1-naphthol. <Table 5> Table 5 
Conclusions
Compounds 8-10 are effective chromogenic substrates producing red/pink coloured colonies with selected Gram-negative and Gram-positive bacteria in agar media containing 1-naphthol. There is some diffusion of colour from the bacterial colonies which could limit their applications in agar media. The production of the coloured bacterial colonies is linked to the type of aminopeptidase activity associated with specific bacteria. Analogues of 1-naphthol that possess pendent basic functionalities can give rise to blue, rather than red coloured colonies. Higher molecular mass L-alanyl substrates are not effective chromogenic substrates for use in agar media but some colour development is apparent with a cell free E. coli extract in liquid media. Substrate 43 was an effective PYRase substrate producing blue coloured colonies. Of the two yeasts studied, neither produced any significant colour with any of the substrates evaluated, which is expected as neither is known to demonstrate the targeted enzymatic activities.
Experimental

Synthetic work
1 H-NMR spectra (270 or 400 MHz) and 13 C-NMR spectra (68 or 101 MHz) were recorded on a Jeol EX270 or Jeol ECS400 instrument. Low resolution mass spectra (LRMS) were recorded via direct injection of dilute methanolic solutions (containing 0.1% formic acid) into a Thermo Finnigan LCQ Advantage MS detector using electrospray ionisation (ESI). High resolution mass spectrometry (HRMS) was performed by the EPSRC mass spectrometry service. Infrared spectra were obtained via a diamond anvil sample cell using a Perkin Elmer 1000 spectrometer. Melting points are reported uncorrected as determined on a Stuart SMP 1 melting point apparatus. Thin layer chromatography was performed on Merck plastic foil plates pre-coated with silica gel 60 F 254 . Merck silica gel 60 was used for column chromatography.
6-Nitro-3,4-dihydrocoumarin 14.
To a stirred solution of 3,4-dihydrocoumarin 13 (18.00 g, 121.5 mmol) in acetic anhydride (90 mL) was added, dropwise, a mixture of concentrated nitric acid (15 mL) and glacial acetic acid (30 mL) keeping the temperature between 18-20 °C . The mixture was stirred (1 h) and then poured into a mixture of ice and water (500 mL). 
Ethyl 3-(3-Bromo-2-hydroxy-5-nitrophenyl)propanoate 15b.
Compound 15a (1.00 g, 4.18 mmol) was dissolved in DMF (30 mL) and N-bromosuccinimide (0.82 g, 4.61 mmol) was added. The mixture was stirred for 20 h at rt after which time the solvent was evaporated. Water (20 mL) was added to the residue and the precipitate was collected and washed well with cold water (200 mL). The resulting orange granules were dried in a desiccator under vacuum giving compound 15b (1.10 g, 83%), m.p. 99-100 °C. HRMS (APCI) for C 11 
(S)-Methyl 2-[3-(2-Hydroxy
3-(2-Hydroxy-5-nitrophenyl)-N-(3-imidazol-1-ylpropyl)propanamide 15i.
To a stirred solution of compound 14 (1.00 g, 5.18 mmol) in THF (30 mL) was added 1-(3-aminopropyl)imidazole (0.65 g, 5.18 mmol). The resulting mixture was stirred at reflux for 5 h and then was evaporated. The residue was recrystallized from methanol (15 mL) affording compound 15i (1.07 g, 65%) as a yellow powder, m.p. 157-158 °C. HRMS (NSI) for C 15 Amino-2-hydroxyphenyl)-N-(3-imidazol-1-ylpropyl) Amino-2-hydroxyphenyl)-N-(3,4-dimethoxyphenyl) propanamide; Boc Lalanine derivative 16d. Compound 16d was synthesized from compound 11d (0.32 g, 1.00 mmol), Boc-L-alanine (0.20 g, 1.05 mmol), N-methylmorpholine (0.10 g, 1.00 mmol) and IBCF (0.14 g, 1.00 mmol) in dry THF (20 mL Amino-2-hydroxyphenyl)-N-(3-imidazol-1-ylpropyl) propanamide; Boc Lalanine derivative 16i. Compound 16i was synthesized from compound 11i (0.29 g, 1.00 mmol), Boc-L-alanine (0.20 g, 1.05 mmol), N-methylmorpholine (0.10 g, 1.00 mmol) and IBCF (0.14 g, 1.00 mmol) in dry THF/DMF (20 mL, 1:1). No further purification was required. Yield: (0.35 g, 76%) of an orange wax. LRMS (ES) for C 23 1.4.1.11. 3-(5-Amino-2-hydroxyphenyl)-N-(2H-1,3-benzodioxol-5-yl) propanamide; Boc β-alanine derivative 17c. Compound 17c was synthesized from compound 11c (0.30 g, 1.00 mmol), Boc-β-alanine (0.20 g, 1.05 mmol), N-methylmorpholine (0.10 g, 1.00 mmol) and IBCF (0.14 g, 1.00 mmol) in dry THF (20 mL C(CH 3 ) 3 ), 37.2 (CH 2 ), 37.1 (CH 2 ), 36.8 (CH 2 ), 28 .8 (C(CH 3 ) 3 ) , 26.5 (CH 2 ). 1.4.1.12. 3-(5-Amino-2-hydroxyphenyl)-N-[4-[3-(5-amino-2 Amino-2-hydroxyphenyl)-N-(2H-1,3-benzodioxol-5-yl) 5.1.12. 3-(5-Amino-2-hydroxyphenyl)-N-[4-[3-(5-amino-2 
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Cell free extract
A cell free extract was prepared as described previously. 23 
